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Abstract We simulated the effects of the 21 August 2017 total solar eclipse on the ionosphere
-thermosphere system with the Global Ionosphere Thermosphere Model (GITM). The simulations
demonstrate that the horizontal neutral wind modifies the eclipse-induced reduction in total electron
content (TEC), spreading it equatorward and westward of the eclipse path. The neutral wind also affects
the neutral temperature and mass density responses through advection and the vertical wind modifies
them further through adiabatic heating/cooling and compositional changes. The neutral temperature
response lags behind totality by about 35 min, indicating an imbalance between heating and cooling
processes during the eclipse, while the ion and electron temperature responses have almost no lag,
indicating they are in quasi steady state. Simulated ion temperature and vertical drift responses are weaker
than observed by the Millstone Hill Incoherent Scatter Radar, while simulated reductions in electron
density and temperature are stronger. The model misses the observed posteclipse enhancement in electron
density, which could be due to the lack of a plasmasphere in GITM. The simulated TEC response appears
too weak compared to Global Positioning System TECmeasurements, but this might be because the model
does not include electron content above 550-km altitude. The simulated response in the neutral wind after
the eclipse is too weak compared to Fabry Perot interferometer observations in Cariri, Brazil, which
suggests that GITM recovers too quickly after the eclipse. This could be related to GITM heating processes
being too strong and electron densities being too high at low latitudes.
1. Introduction
On 21 August 2017, a total solar eclipse took place, casting a shadow that passed from the Pacific Ocean
across the continental United States in a southeastern path to the Atlantic Ocean (e.g., Huba & Drob, 2017).
The eclipse started at 15:46 and ended at 21:04 UT, with totality occurring between 16:49 and 20:02 UT. As
a solar eclipse partially blocks the Sun's extreme ultraviolet (EUV) radiation, the temperature and electron
density in the upper atmosphere are reduced due to decreased EUV heating and photoionization. This leads
to further changes in thermosphere dynamics, which additionally interact with the ionospheric structure.
For instance, thermal cooling leads to downwelling, which modifies the O∕N2 ratio, leading to changes
in electron density (e.g., Müller-Wodarg et al., 1998; Wu et al., 2018). Solar eclipses therefore offer us a
unique way to gain new insights in how the thermosphere-ionosphere system works, and they also provide
an interesting test case for the performance of thermosphere-ionosphere models.
Here we explore the response of the ionosphere and thermosphere to the 21 August 2017 solar eclipse with
the Global Ionosphere Thermosphere Model (GITM). The key two goals of this study are to (1) elucidate
the mechanisms at work that are responsible for certain features of the response to the eclipse event and
(2) identify which aspects of the observed responses are captured well by the model and which are not, and
to understand better why certain aspects are not captured well. This information can then be used to make
further model improvements.
This paper is organized as follows. In section 2 we describe the setup of the model simulations used. Results
are presented in section 3, with section 3.1 focusing on various aspects of the model results and section 3.2
focusing on comparisons with observational data sets. A discussion of the results with a summary of the
main findings and conclusions is given in section 4.
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2. Methodology
The GITM (Ridley et al., 2006) was used to simulate the effects of the 21 August 2017 eclipse. It was runwith
a resolution of 2.0◦ latitude by 4.0◦ longitude by roughly 0.3 times the scale height in altitude, and span-
ning from 100 km to approximately 550-km altitude. The Weimer (2005) electric potential and Newell et al.
(2009) auroral precipitation patterns were used, driven by time-delayed solar wind and interplanetary mag-
netic field data from the Advanced Composition Explorer satellite (Stone et al., 1998). The Naval Research
Laboratory Mass Spectrometer Incoherent Scatter radar model (Picone et al., 2002) was used to specify neu-
tral densities and temperatures at the lower boundary, just below 100-km altitude, and the Horizontal Wind
Model 2014 (Drob et al., 2015) was used to specify neutral winds at the lower boundary. The ions have a
continuous gradient lower boundary condition. The newly updated electron, ion, and neutral temperature
scheme as described by Zhu et al. (2016) was used. The Flare Irradiance Spectral Model (Chamberlin et al.,
2007) was used to specify the solar EUV spectrum. The model was initialized with Naval Research Labora-
tory Mass Spectrometer Incoherent Scatter, Horizontal Wind Model 2014, and the International Reference
Ionosphere (Bilitza et al., 2014), starting at 0 UT on 20 August 2017.
To simulate the effects of the eclipse, GITM was modified to reduce the EUV heating and ionization in
the region of the moon occultation of the Earth. This was done in the same way as described by Wu et al.
(2018), although they used a different EUV model. The path of the eclipse was defined in Geocentric Solar
Ecliptic (GSE) coordinates as a straight line in the (YGSE,ZGSE) plane, assuming XGSE to remain constant.
The reduction in EUV irradiance was based on the distance (r) between each GITM grid point and the
center of totality: at the center of totality, the EUV irradiance at all wavelengths was reduced to 10% of
the normal value, which linearly increased until the edge of the occultation region was approached, after
which the EUV increased exponentially back to 100% at 3,800-km distance from the center of totality. The
remaining 10% at totality is to allow for EUV radiation coming from the solar corona, which is not obscured
at totality. A more detailed description of the methodology can be found in Wu et al. (2018). We compare
the simulation with the eclipse EUV mask to a simulation without the mask, to assess the response of the
thermosphere-ionosphere system to the eclipse as simulated by GITM.
3. Results
3.1. GITMResponse to the Eclipse
As the eclipse progresses along the path of totality, the thermospheric temperature and density decrease.
Figure 1 shows global maps of the temperature and winds at 400-km altitude over the course of the eclipse
and for several hours afterward. At 17:00 UT, just after the start of the total eclipse, a decrease in thermo-
spheric temperature of around 20–30 K can already be observed, more or less centered on the location of
the shadow at that time. As the eclipse progresses, the reduction in temperature intensifies and starts to lag
behind the shadow. The largest temperature reduction of ∼ 70 K occurs around 20–21 UT. As the tempera-
ture declines, a pressure gradient is set up, resulting in horizontal neutral winds of up to 55 m/s rushing in
to fill the pressure “hole” created by the eclipse. The winds are strongest on the leading edge and sides of the
occultation region and weakest on the trailing edge. After 21:00 UT, at the end of the eclipse, the tempera-
ture reductionweakens and perturbationwinds slow down, though the large-scale gravitywave set up by the
occultation still progresses through the atmosphere, beyond the path of the eclipse. A similarwavewas simu-
lated byDang et al. (2018) with a high-resolution version of the Thermosphere-Ionosphere-Electrodynamics
General Circulation Model (TIE-GCM).
We examine the structure of the response of various thermospheric and ionospheric variables to the eclipse
in greater detail in Figures 2–4. Figure 2 shows zoomed-in maps of neutral temperature, mass density, and
wind at 19 UT at 400 and 202-km altitude. We focus on the altitude of 400 km as an example throughout this
section and also show results for 202-km altitude for comparison. We will comment on how the responses
at 202-km altitude compare to those at 400 km at the end of section 3.1.
The eclipse-induced temperature decrease results in atmospheric contraction, which causes the thermo-
spheric density at a fixed altitude of 400 km to decrease by up to nearly 30%. Both the neutral temperature
andmass density responses lag behind the location of totality. This indicates that the thermosphere is out of
thermal equilibrium in the region surrounding totality, with cooling exceeding heating, so that the tempera-
ture response continues to grow for some time after totality has passed, until the peak temperature response
(i.e., the most negative value) is reached, when heating and cooling briefly balance, before heating takes
CNOSSEN ET AL. 7342
Journal of Geophysical Research: Space Physics 10.1029/2018JA026402
Figure 1. Response of the neutral temperature (colored contours) and horizontal wind (vectors) at 400-km altitude at
1-hr intervals from 17:00 to 22:00 on 21 August 2017. The white line marks the path of the center of totality, with the
white dot indicating its current position. The dashed black line marks the location of the solar terminator.
over and the temperature is gradually restored back toward the preeclipse equilibrium. However, despite
the close linkage between temperature and density, the lag of the peak temperature response with respect
to totality is slightly larger than that of the peak density response (see also Figure 5). The spatial structure of
the temperature and density responses show some small differences as well, although their overall structure
is similar. Differences in the temperature and density responses may be caused by the neutral winds.
The horizontal winds (vectors in Figure 2e/2f) respond to the change in horizontal pressure gradient, so
that they converge to the location of the pressure minimum, which is determined by a combination of the
temperature and density responses. However, the perturbation winds at 400-km altitude converge toward a
point further to the northwest (43◦N, 102◦W) from where the current temperature and density minima are
located (39◦N, 94◦W and 33◦N, 82◦W, respectively). This is probably due to the time it takes for the neutral
winds to adjust, while the eclipse, and therefore, the location of the pressure minimum, moves very quickly.
This effect can also be seen in simulationswith the TIE-GCMbyWang et al. (2019). Both the background and
perturbation horizontal winds can alter the temperature and density responses through advection, but they
do not necessarily affect both parameters in exactly the same way because of underlying differences in the
temperature and density structures. Vertical winds can also modify the temperature and density responses
through advection, but can additionally cause adiabatic heating/cooling and compositional changes that
affect the mass density.
At 400-km altitude, downward perturbation winds of ∼ 6 m/s occur on the leading edge of the eclipse
and immediately around the region of totality, while upward winds are present on the trailing edge. The
vertical wind response forms as a result of changes in the vertical pressure gradient associated with the
eclipse-induced cooling. As the eclipse approaches and the atmosphere cools, the vertical pressure gradient
weakens, resulting in relatively more downwardmotion. Soon after totality has passed, the vertical pressure
gradient starts to strengthen again, causing air to move up again. Downward motion causes a reduction in
mean molar mass as it brings air rich in atomic oxygen down, so it acts to enhance the density reduction,
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a) b)
c) d)
e) f)
Figure 2. Response of neutral temperature (a, b), neutral density (c, d), and upward and horizontal wind (colored
contours and vectors, respectively; e, f) at 400- (left column) and 202-km (right column) altitude at 19 UT on 21 August
2017. The white line marks the path of the center of totality, with the white dot indicating its current position.
while adiabatic heating associated with downwelling acts to reduce the temperature reduction. This could
perhaps explain the slightly smaller lag of the peak density response with respect to totality.
Figure 3a shows a zoomed-in map of the total electron content (TEC) response at 19 UT. The reduction in
TEC also lags a little behind the center of totality, and peaks at nearly 6 TECU. This is a slightly stronger
reduction than previously simulated by Huba and Drob (2017) with Sami3 is Also a Model of the Iono-
sphere (SAMI3) and by Dang et al. (2018) with the TIE-GCM, which both showed a maximum reduction
of ∼5 TECU. One factor that might contribute to this difference is the slightly different eclipse masks that
were used: in the simulations by Huba and Drob (2017) and Dang et al. (2018) somewhat more of the EUV
radiation remained at totality, namely, 15% and 22%, respectively, whereas in our case this was only 10%.
On the other hand, the totality region is very small (about the size of 1 grid cell in GITM), so the effect
of this difference should be small. We also note that Huba and Drob (2017) showed fairly extensive effects
in the conjugate hemisphere, which in our case were much more limited. This is probably due to GITM's
upper boundary of ∼ 550 km altitude, which means that magnetic field lines extending to higher altitudes
are cut off, limiting interhemispheric plasma transport along the magnetic field. Other models that extend
to a certain height or pressure level (e.g., the TIE-GCM) also suffer from this problem. While GITM should
still be able to capture interhemispheric coupling via electrodynamical processes, we do not see a significant
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a) b)
Figure 3. Response of total electron content (a) and vn,par,v at 400-km altitude (b) at 19 UT on 21 August 2017. The
white line marks the path of the center of totality, with the white dot indicating its current position.
response in the conjugate hemisphere in our simulations. Since the main effects in our simulations occur
in the region surrounding the eclipse trajectory, this is the region we will focus on here. While the peak
reduction in TEC simulated by GITM is somewhat stronger than simulated by other models, it is noticeably
weaker than observed in Global Navigation Satellite System data by Coster et al. (2017), which indicated
reductions of up to 8 TECU at 18:32 UT. However, the shape of the simulated response, with a tail extending
equatorward and westward of the path of the eclipse, was a feature also observed by Coster et al. (2017).
The equatorward andwestward extension of the TEC reduction can be explained by the enhancednorthward
neutral winds in that region (see Figure 2e). This blows plasma down along the magnetic field equatorward
of the eclipse path, into a region of higher recombination, acting to reduce the TEC. Poleward of the eclipse
path, the perturbed neutral winds are weaker and act primarily in the opposite direction. The role of the
neutral wind is further confirmed in Figure 3b, which shows the response of the vertical component of the
projection of the horizontal neutral wind onto the magnetic field, which we refer to as vn,par,v; this is the part
of the horizontal neutral wind that contributes to the vertical plasma transport along themagnetic field. The
structure of the vn,par,v response is similar to that of the TEC response. Since the magnetic field declination
a) b)
c) d)
Figure 4. Response of electron temperature (a, b) and ion temperature (c, d) at 400- (left column) and 200-km (right
column) altitude at 19 UT on 21 August 2017. The white line marks the path of the center of totality, with the white dot
indicating its current position.
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a) b)
c) d)
Figure 5. Response of neutral temperature (a, b) and density (c, d) at 400- (left column) and 202-km (right column)
altitude along the eclipse trajectory as a function of distance along the trajectory and UT. The white line marks the path
of the center of totality, dashed gray lines approximate the edges of the occultation region, and white dots indicate the
maximum response of the plotted variable at that time.
in the region with the strongest response is small, the response in vn,par,v is primarily due to the enhanced
northward meridional wind, which occurs south and southwest of the eclipse trajectory. Changes in the
neutral wind also affect the composition, including theO∕N2 ratio, which is generally a goodmeasure of the
balance between ion production and loss processes; a higher O∕N2 ratio is associated with greater electron
density. However, when ion production is minimal, as during an eclipse, the atomic oxygen concentration
does not matter much, while changes in N2 density will continue to affect loss rates. During the eclipse the
N2 density decreases (not shown here, but see Wu et al., 2018), which should reduce the loss rate, but this
can clearly not balance out the other effects that act to reduce the electron density.
Figures 4a and 4c show zoomed-in maps of the electron temperature and ion temperature responses at
400-kmaltitude at 19UT. The electron temperature is strongly reduced in the occultation region, as expected.
However, an increase in electron temperature is found to thewest of the occultation region, centered at about
27◦N, 110◦W. This corresponds to the location of the westward extension of the TEC reduction, described
above. The lower electron density in this region, combined with being located away from the eclipse path
(i.e., little to no reduction in EUVheating),means that the heating rate per electron is higher, which explains
the higher electron temperature. A small increase in ion temperature also occurs in the same location, which
is probably due to ion-electron collisional heating. Within the occultation region itself the ion temperature
is reduced as expected.
The evolution of the response of the thermosphere-ionosphere system, including the lag of the response
in various variables with respect to totality, is further investigated in Figures 5–8. These figures show the
response of a given variable as a function of time and distance along the eclipse trajectory. At each model
time step, parameters are extracted along the eclipse trajectory (i.e., along the white line in Figure 1). The
peak response ismarkedwith a white dot every 10min. The location of totality is shown as a white line, with
gray dashed lines marking the approximate start and end of the eclipse. Everything to the right of the white
line occurs after totality has reached the point along the trajectory indicated by the vertical axis. The bottom
of the vertical axis (distance = 0 km) corresponds to the start point of the eclipse off the northwestern coast
of Oregon and the top of the vertical axis (distance = 10,650 km) corresponds to the end point of the eclipse
in the Atlantic Ocean.
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a) b)
c) d)
e) f)
Figure 6. Response of upward wind (a, b), eastward wind (c, d), and northward wind (e, f) at 400- (left column) and
202-km (right column) altitude along the eclipse trajectory as a function of distance along the trajectory and UT. The
white line marks the path of the center of totality, dashed gray lines approximate the edges of the occultation region,
and white dots indicate the maximum response of the plotted variable at that time.
Figure 5a shows the response of the neutral temperature at 400-km altitude along the eclipse trajectory.
The temperature reduction quickly intensifies at the start of the eclipse, until a peak reduction of ∼50 K
is reached at 17:30 UT. The peak reduction then remains approximately constant at 50–60 K until 20:00
UT, after which a brief enhancement of the temperature reduction to ∼70 K occurs. It is peculiar that this
enhancement occurs just after the total eclipse has ended and it is not clear what is causing it. From about
20:30 UT, the temperature response slowly decays, but a small perturbation persists until the end of the day
along most of the eclipse trajectory.
The maximummass density reduction at 400-km altitude, shown in Figure 5c, is strongest in the beginning
of the eclipse, peaking between 17:30 and 18:00 UT at nearly 30%. After this it stabilizes to about 20–25%.
However, the temporal evolution of the density response is different when viewed in absolute terms rather
than as a percentage, as shown here. In absolute terms (not shown), the peak density response steadily
increases throughout the eclipse event, but because the background density is smaller at the start of the
eclipse than toward the end (due to a difference in local time), the initial response appears relatively large
when presented in percentage terms.
Both the temperature and density responses start to lag behind totality early on in the event, shortly after
17:00 UT. The lag of the peak temperature response stabilizes to ∼ 35 minutes from about 18:00 UT. This
is very similar to the 30-min lag found by Müller-Wodarg et al. (1998) in their simulation study of the 11
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Figure 7. Response of total electron content along the eclipse trajectory as
a function of distance along the trajectory and UT. The white line marks
the path of the center of totality, dashed gray lines approximate the edges of
the occultation region, and white dots indicate the absolute maximum of
the plotted variable at that time.
August 1999 eclipse with the Coupled Thermosphere-Ionosphere
-Plasmasphere model, and also similar to the lag evident in simulations
with the Whole Atmosphere Community Climate Model eXtended of
the 21 August 2017 eclipse by McInerney et al. (2018). The peak mass
density response follows totality more closely than the peak temperature
response for most of the event, between about 18:00 and 20:00 UT, with
a lag of around 20 min.
The vertical neutral wind responsemay play an important role in causing
the different lags of the neutral temperature and mass density responses
with respect to totality, as discussed above. Its temporal evolution along
the eclipse path at 400-km altitude is shown in Figure 6a. A downward
vertical wind response leads totality briefly at the start of the eclipse, but
closely follows totality from 17:00 UT until the end of the total eclipse.
Perturbation winds turn upward ∼40 min after totality. A brief strength-
ening of this upward wind response occurs between 21:00 and 21:30 UT
at the end of the eclipse trajectory, which might be related to the tem-
perature reduction enhancement that occurred in the same location a bit
earlier.
The eastward and northward wind responses at 400-km altitude are
shown in Figures 6c and 6e, respectively. A westward (negative) distur-
bance wind leads totality until about 17:30 UT, longer than the vertical wind. This is probably because the
horizontal wind starts to respond as soon as a horizontal pressure gradient is set up, which can already hap-
pen before a (partial) shadow arrives at the location in question, while the vertical pressure gradient that is
important for the vertical wind response only starts to develop once the edge of the eclipse arrives. The east-
ward wind response closely follows totality until about 19:30 UT, after which an increasing lag with respect
to totality forms. This might be because the shadow moves too quickly for the wind response to keep up,
as they take some time to adjust. The disturbance wind turns eastward ∼ 70 minutes after totality, and this
is strongest in the early part of the eclipse. The northward wind response is complicated by a sign change,
a) b)
c) d)
Figure 8. Response of electron temperature (a, b) and ion temperature (c, d) at 400- (left column) and 202-km (right
column) altitude along the eclipse trajectory as a function of distance along the trajectory and UT. The white line
marks the path of the center of totality, dashed gray lines approximate the edges of the occultation region, and white
dots indicate the absolute maximum of the plotted variable at that time.
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which is probably related to the orientation of the eclipse trajectory. When the response stays the same sign,
the evolution looks similar to that of the eastward wind.
Figure 7 shows the TEC response along the eclipse trajectory. The reduction in TEC follows the path of
totality closely from the start of the eclipse until about 18:00 UT, after which a lag forms that increases over
time. This suggests again that the system is not able to respond fast enough to keep up with the movement
of the shadow.
The electron temperature at 400-km altitude, shown in Figure 8a, decreases by more than 1000 K centered
at totality. There is almost no lag with respect to totality, indicating that the electron temperature is close to
being in steady state, unlike the neutral temperature. The electron temperature shows a positive response
of about 500 K approximately an hour after totality has passed for the second half of the eclipse trajec-
tory. This increase after totality can be explained by the reduction in electron density combined with only
a mild decrease in EUV flux, resulting in a higher heating rate per electron. The ion temperature response
(Figure 8c) is almost entirely negative and follows the path of totality closely, with only a minor lag forming
toward the end of the eclipse. However, the strongest response occurs early on and gradually weakens as
the eclipse progresses. This is due to the background ion temperature being higher in the early part of the
eclipse trajectory; the reduction in EUV radiation then has a relatively larger effect in absolute terms.
Responses to the eclipse can be expected to vary with altitude. To give an indication of variations with alti-
tude, we will now briefly describe how responses obtained at 400-km altitude compare with those obtained
at an altitude of ∼200 km. These were shown alongside results for 400-km altitude in Figures 2, 4–6, and 8.
In general, the thermosphere responses are weaker at 202-km altitude. For instance, the maximum neutral
temperature and density responses at 202-km altitude are nearly 50 K and nearly 8%, respectively, compared
to ∼70 K and nearly 30% at 400-km altitude (Figure 2). However, the thermosphere responses are similar
in their geographical distribution. Ion and electron temperature responses at 202 km are also weaker but
are different in form as well: They do not show the enhancement to the west of the eclipse path that was
found at 400-km altitude (Figure 4). This is likely due to differences in the electron density responses at 202-
and 400-km altitude: the westward extension of the reduction in TEC, shown in Figure 3a, is present in the
electron density response at 400-km altitude, while the electron density response at 202-km altitude exhibits
a small enhancement west of the eclipse path (not shown). This is consistent with plasma being transported
down along the magnetic field by the neutral wind (Figure 3b), causing a reduction in electron density at
400-km altitude and a small increase at lower altitude west of the eclipse path. At 202-km altitude there is
therefore no increase in the heating rate per electron west of the eclipse path, and hence no enhancement
in electron or ion temperature in this region.
The evolution of the responses along the eclipse path at 400- and 202-km altitude are mostly very similar.
The largest difference appears to be in the neutral density response, which shows a gradually increasing lag
with respect to totality at 202-km altitude, which was not found at 400-km altitude (Figure 5). The responses
in upward and eastward wind also show this gradually increasing lag to a somewhat greater extent at 202
than at 400-km altitude. This indicates that the response of the thermosphere at 202-km altitude is not able
to keep up with the fast-moving shadow as well as the thermosphere at 400-km altitude.
3.2. Comparison to Observations
This section compares the simulation results to observations of the eclipse response to assess howwell GITM
is able to reproduce these. Since there aremore observations available for the ionosphere, these are described
first. Wu et al. (2018) already performed comparisons between GITM and measurements of NMF2 from
several ionosonde stations as well as Global Positioning System (GPS) measurements of TEC. While they
used a different EUV flux model, the results obtained here are quite similar, so only one example of the
simulated response of TEC in comparison to GPS observations is shown in Figure 9.
The GPS TEC response to the eclipse was obtained by using 29 August 2017 as a reference day, follow-
ing Coster et al. (2017). Responses are shown both as a percentage difference relative to the reference case
(Figure 9a) and in absolute TEC units (Figure 9b) at ∼19 UT. When viewed as a percentage difference, the
observed and simulated TEC responses agree quite well in terms of peak magnitude, but the observed TEC
reduction is relatively strong over a larger area than in the model. When absolute TEC units are used, the
simulated response, including the peak response, is weaker than observed. This makes sense, as the model
does not include electron content above∼550-km altitude.We further note that the observed TEC reduction
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a)
b)
Figure 9. Total electron content response as a percentage (a) and in TEC units (b) for Global Ionosphere
Thermosphere Model (left column) and as observed by Global Positioning System (right column) at ∼19 UT.
The white line marks the path of the center of totality and the white dot indicates its current position.
remains strong well after the eclipse has passed, while the simulated TEC reduction decays much more
quickly, as was shown by Wu et al. (2018).
We also compare GITM results with a wider range of ionospheric variables observed by the Incoherent Scat-
ter Radar at Millstone Hill (geographic coordinates: 42.6◦N, 71.5◦W) as published by Goncharenko et al.
(2018). Millstone Hill experienced a partial eclipse starting at 17:27 UT, maximizing at 18:46 UT at nearly
63% obscuration, and ending at 19:59 UT. Figure 10 shows the response in electron density, electron and ion
temperature, and vertical drift as simulated by GITM and as observed by the radar. The latter three variables
are only shown up to 400-km altitude, as results obtained for higher altitudes are considered less reliable,
while electron density is shown up to 550 km altitude. The observed response was obtained using 22 August
2017 as the reference day, following Goncharenko et al. (2018). Note that this is different from the approach
taken with the GPS data above, where 29 August 2017 was used as a reference day. There are arguments
to be made for either of these days to be the most appropriate (see Coster et al., 2017; Goncharenko et al.,
2018), so we follow here the methods used by the experts on the data sets in their respective publications.
The reduction in electron density simulated by GITM is ∼30% stronger than observed by the radar and also
extends over a larger vertical range, but it is reasonable in duration. However, the clearly observed poste-
clipse enhancement in electron density ismuchweaker in themodel. The reduction in electron temperature
simulated by GITM is again considerably stronger than observed, while the reduction in ion temperature is
weaker than observed, especially around 150- to 200-km altitude. Both the ion and electron temperatures
also show notable differences still after the eclipse in the observations, including an enhancement in the
perturbations (both positive and negative) after ∼23 UT, while the simulated responses decay quickly after
the end of the partial eclipse.
Some of the discrepancies between the simulated and observed perturbations are related to noneclipse
effects that can not be eliminated from the observations but are not present in the model simulations, for
instance, due to differences in the geophysical conditions between 21 and 22 August 2017. This also explains
why there are signatures present in the observations already before the actual start of the partial eclipse:
These are differences between 21 and 22 August 2017 that are unrelated to the eclipse. However, we can
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c)
d)
Figure 10. Response in electron density (a), electron temperature (b), ion temperature (c), and vertical drift (d) for
GITM (left column) and observed by the Incoherent Scatter Radar at Millstone Hill. The solid black line marks the
time of maximum obscuration and the dashed lines mark the start and end of the partial eclipse. GITM = Global
Ionosphere Thermosphere Model.
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Figure 11. Total electron content at Millstone Hill based on GPS data
(blue), radar data up to 550-km altitude (red), and model simulations
(black) for the control case (dashed lines) and for the eclipse event (solid
lines). The control cases shown in the dashed lines are the same as in
Figures 9 and 10 for the respective data sets and therefore correspond to 29
August 2017 for the GPS data and 22 August for the radar data. An
additional control case for the GPS-based TEC is shown based on data from
22 August 2017 (blue dotted line). GPS = Global Positioning System; ISR =
Incoherent Scatter Radar; GITM = Global Ionosphere Thermosphere
Model.
probably not explain all of the discrepancies between the observed and
simulated responses in this way. For instance, it seems unlikely that the
posteclipse enhancement in the electron density can be explained by
noneclipse effects, given that several other studies have reported similar
posteclipse effects, both for this eclipse (e.g., Cherniak & Zakharenkova,
2018; Wu et al., 2018) and previous events (e.g., Chen et al., 2013). It
is then also reasonable to think that the ion and electron temperature
responses that occur around the same time as the posteclipse electron
density enhancement are associated with the same posteclipse effect, in
particular, the relatively strong signatures seen after 23 UT.
Goncharenko et al. (2018) already commented on the rather interesting
upward vertical drift forming toward the end of the partial eclipse atMill-
stone Hill. GITM also shows an upward vertical drift appearing toward
the end of the occultation period, which is in excellent agreement with
the observations in terms of timing. However, the vertical drift response
in GITM is much weaker than observed, by approximately a factor of
4. The upward plasma drift at the end of the eclipse is thought to sup-
ply plasma to the plasmasphere as the ionosphere is recovering from the
eclipse, in a similar way as would happen at sunrise (Goncharenko et al.,
2018). After 21 UT, the plasma drift is relatively more downward again,
feeding plasma to the ionosphere, which can help explain the observed
posteclipse enhancement in electron density and changes in plasma tem-
perature. If this hypothesis is correct, it is not surprising that GITM is
missing the posteclipse effects, as the model does not include a plasmas-
phere. Any plasma flowing up from the model domain during the initial
eclipse recovery phase is simply lost and cannot come back down again.
Combining the results from the model comparisons with GPS TEC and the radar-based electron density at
Millstone Hill, we find that GITM underestimates the observed TEC reduction (Figure 9) but yet overesti-
mates the observed electron density reduction at Millstone Hill (Figure 10a). To resolve this contradiction,
Figure 11 makes a direct comparison between the GPS TEC interpolated to Millstone Hill, TEC obtained by
vertically integrating the radar-based electron density atMillstoneHill up to 550-km altitude, and themodel
results (also obtained by integrating the electron density up to ∼550-km altitude). This clearly demonstrates
the large discrepancy between the GPS-based and radar-based observations, with themodel results sitting in
between. There are two key differences between the observational data sets that probably explainmost of the
discrepancy. First, the GPS-based TEC includes electron content from higher altitudes than the radar-based
TEC, which only goes up to 550-km altitude. Based on a typical electron density profile, this could explain a
difference on the order of around 25% (González-Casado et al., 2015). Second, the control cases for the two
observational data sets are based on data from different days (22 August 2017 for the radar data; 29 August
2017 for the GPS data). To assess the effect of this on the results, the GPS-based TEC for 22 August 2017 is
also shown in Figure 11 (radar data for 29 August 2017 are not available). This makes the GPS-based TEC
indeed more similar to the radar-based TEC for the control case, so it is clear that the difference in con-
trol day contributes to the discrepancy between the observational data sets. We note that another study of
GPS-based TEC responses to the eclipse by Cherniak and Zakharenkova (2018) used a different reference
case from Coster et al. (2017), namely, the mean of 20 and 22 August 2017, and also found generally smaller
TEC reductions than Coster et al. (2017). The difference in TEC between 22 and 29 August 2017 is probably
due to differences in geomagnetic activity: 18–23 August 2017 was a geomagnetically active period, while
conditions were much quieter on 29 August 2017. Given that the simulations cover an altitude range sim-
ilar to the radar observations, the simulated TEC should be most similar to the radar-based TEC, but it is
clearly too large until about 21:00 UT and too small after about 22:00 UT. This suggests that GITM might
overestimate the electron density during the day and underestimate it around dusk and nighttime.
There are few thermospheric observations available during the eclipse, and unfortunately, we do not have
access to any in the US. However, Harding et al. (2018) recently showed Fabry Perot interferometer observa-
tions of the thermospheric wave generated by the eclipse on the nightside near Cariri, northeastern Brazil
(geographic coordinates: 7.4◦S, 36.5◦W)at 250-kmaltitude. They compared their observations to simulations
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a) b) c)
Figure 12. Neutral temperature (top), eastward wind (middle), and northward wind (bottom) for the control case (a), the eclipse event (b), and the difference
(c) for GITM, TIME-GCM, and FPI observations from 20:00 UT on 21 August 2017 until 08:00 UT on 22 August 2017. The FPI control case consists of the
30-day median (solid black line), while the 25th and 75th percentiles are also shown for reference (dashed black lines). Measurements on 21–22 August 2017
are shown as multicolored circles (see legend for details); open circles indicate less reliable measurements. GITM = Global Ionosphere Thermosphere Model;
TIME-GCM = Thermosphere-Ionosphere-Mesosphere-Electrodynamics General Circulation Model; FPI = Fabry Perot interferometer.
done with the Thermosphere-Ionosphere-Mesosphere-Electrodynamics (TIME)-GCM. The GITM results
have been added to this comparison in Figure 12. Background values for the control case are shown in
Figure 12a, values for the eclipse event in Figure 12b, and the difference in Figure 12c. The control case
for the Fabry Perot interferometer observations consists of median values for the 30-day period starting 20
August 2017 (see Harding et al., 2018, for details). Low airglow brightness during some posteclipse peri-
ods precludes a temperature estimate and yields questionable wind estimates, shown with an open circle in
Figure 12.
The TIME-GCM captures the observed temperature for the control case fairly well, but not the temperature
variation following the eclipse event, while the opposite is true for GITM: GITM is poor at capturing the
temperature variation for the control case but matches the observations rather well for the eclipse event.
Both models show a much weaker response to the eclipse event than is indicated by the observations. We
are not sure why one model would be better at simulating control conditions, while the other is better at
simulating posteclipse conditions.
The TIME-GCM reproduces the eastward wind observed at Cariri quite well, both for the control case and
the eclipse case, while GITM simulates typically too strong eastwardwinds for both cases. Despite the strong
winds, the response to the eclipse event at Cariri is too weak. This is probably a further indication that the
response simulated by GITM decays too quickly—something that was also noted in the TEC response in
comparison with GPS data (Wu et al., 2018).
Both models are poor at reproducing observed northward winds for the eclipse event. The TIME-GCM is
also rather poor at capturing the observed northwardwind for the control case, whileGITMdoes remarkably
well with this. Nonetheless, the TIME-GCM, somewhat miraculously, matches the observed response in
northward wind at Cariri quite well, and certainly better than GITM. Still, given the poor agreement with
observations for both the control and eclipse cases, it is not clear whether this is down to model skill or
simply a lucky coincidence.
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4. Discussion and Conclusions
GITM captures some of the broad features of the response of the thermosphere-ionosphere system to the 21
August 2017 eclipse. Themodel simulates expected reductions in neutral temperature andmass density, per-
turbation neutral winds that respond to changes in the pressure gradient, and reductions in electron density,
and ion and electron temperature. The model simulations help to elucidate the mechanisms responsible for
some of the features in the observations.
We have demonstrated the influence of the horizontal neutral wind on the equatorward and westward
extension of the TEC response via upward plasma transport along the magnetic field, with additional con-
sequences for ion and electron temperatures. Changes in both the horizontal and vertical wind can also
modify the lags of the neutral temperature andmass density responses with respect to totality in slightly dif-
ferent ways. Furthermore, the presence of a lag in the neutral temperature response indicates an imbalance
between heating and cooling processes during the eclipse, that is, the neutral temperature is not in steady
state, while the electron temperature response shows nearly no lag, indicating it is close to steady state. Fur-
ther comparison with other models, for example, the TIME-GCM, and ideally, observations, is needed to
test whether this behavior is realistic or not. We do not have a ready explanation for the strengthening of
the temperature response at the very end of the eclipse and the enhancement in the upward wind response
shortly after, as shown in Figures 5 and 6. We speculate that it could perhaps be related to an interaction
with the approach of the solar terminator, but it is not clear exactly how this would work.
Comparisons with observations indicate several model deficiencies that we must try to understand in order
to make model improvements. First, there are issues with the magnitude of the simulated responses. The
simulated reductions in electron density and electron temperature at Millstone Hill appear to be too large,
while the simulated responses in ion temperature and vertical drift atMillstoneHill are tooweak (Figure 10).
Posteclipse effects observed at Millstone Hill are mostly not captured well by the model. The simulated
response in TEC appears to be too weak compared to GPS-based measurements (Figure 9), but this could
be explained by the difference in altitude range and the choice of control day. Nonetheless, Wu et al. (2018)
noted that the simulated TEC response also decays too quickly, and the very small effects on neutral tem-
perature and winds simulated at Cariri in the hours after the event (Figure 12) could be another sign of a
lack of persistence in the model response.
We suspect that the lack of persistence in the model response could be related to two things. First, it appears
that the heatingmechanisms inGITMmight be too strong compared to the coolingmechanisms. This would
make the thermosphere-ionosphere system recover too quickly after the eclipse event and could also poten-
tially explain rather large contrasts between day and night inmass density compared to Swarm observations
(not shown). We need to explore how the heating in GITM might be reduced, while still remaining within
known constraints for the relevant parameters. Second, electron densities atmiddle and low latitudes are too
high in the model. Perlongo et al. (2018) showed that this is partly related to a very large O∕N2 ratio, in par-
ticular at low latitudes. The high electron density results in toomuch ion drag on the neutral winds, which is
likely to damp the neutral wind response too much. Given the important role of the neutral winds in modi-
fying the TEC response, as well as additional effects on the neutral temperature andmass density responses,
this could also result in the ionosphere-thermosphere system as a whole showing too little remaining effects
in the hours after the eclipse. It is less clear why some of the initial responses during the eclipse event itself
are also too small (and of course this will also contribute to a too small response later on). We plan to follow
this up in a future study through a series of additional experiments with GITM as well as a detailed compar-
ison with TIE-GCM and TIME-GCM in the hope that this will shed further light on the issue. The TIE-GCM
simulations by Dang et al. (2018) and also Lei et al. (2018) showed a much more persistent eclipse response
than our GITM simulations, indicating that it is possible to capture this with an ionosphere-thermosphere
model, but inclusion of the middle atmosphere (as in TIME-GCM) could also be important, as the response
in this part of the atmosphere is likely to affect the thermosphere and ionosphere response as well (e.g.,
McInerney et al., 2018). A second important discrepancy between the model and observations is the lack
of a posteclipse electron density enhancement, downward vertical drift and signatures in ion and electron
temperature at Millstone Hill after 23 UT (Figure 10). The fact that GITM misses these posteclipse effects
is consistent with the hypothesis that they are associated with storage of plasma in the plasmasphere at the
end of the eclipse, which then flows back into the ionosphere in the hours afterward. Since GITM does not
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include a plasmasphere it cannot be expected to capture these effects. However, to confirm this hypothesis
it must be tested more thoroughly with a model that does include the plasmasphere.
It was not possible to test the simulated temporal evolution of the global response to the eclipse in detail,
other than finding that it decays too quickly, asmore observationswould be needed to obtain amore detailed
picture. We tried creating a figure similar to Figure 7 based on GPS TEC data, but unfortunately, there
is insufficient data coverage over the second half of the eclipse trajectory to test whether the simulated
lag in the TEC response is realistic or not. We also attempted to find a neutral density response in Swarm
satellite data, but unfortunately, the currently available data are too noisy to extract a signal with confidence.
Hopefully newmissions such as the Global Observations of the LimbAndDisk and Ionospheric Connection
Explorer will offer more opportunities for model-observations comparisons during future solar eclipses, so
that the temporal evolution of the response of the thermosphere-ionosphere system to a total solar eclipse
can be investigated in greater detail.
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